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Abstract 
In sheet rolling, surface deforms more than bulk interior so that surface asperities are flattened. However, it is still not easy to 
predict the roughness of the sheet after rolling. Copper sheets having artificial triangular grooves running either in the 
transverse or the rolling direction were cold-rolled. Initial contact ratio was varied by changing pitch between two adjacent 
grooves. With increasing reduction in thickness by the rolling, depth as well as width of grooves decreases, meanwhile contact 
ratio between the sheet and the roll increases. The change in contact ratio agrees with 2D analytical solutions when the initial 
contact ratio is high. It is also found that grooves running in the transverse direction are more flattened than those in the rolling 
direction. 
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1. Introduction 
One of the important role of cold rolling is to make sheet surface smooth and blight. In sheet rolling, surface 
deforms more than bulk interior so that asperities on the sheet surface are flattened. In other words, deformation of 
surface layer is greater than that of central layer. The workpiece (material, flow stress, roughness, dimensions), 
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rolls (material, roughness, diameter), rolling conditions (speed, pass schedule), lubrication (lubricant, amount) and 
so on may show complicated influence on the roughness of the rolled sheets (Sutcliffe, 2002). It is still not easy to 
predict the roughness or the surface asperity after rolling. Theoretical approaches were started from 2D upper 
boundary theory (Wilson and Sheu, 1988), slip-line theory (Sutcliffe, 1988) and finite-element analysis 
(Makinouchi and Ike, 1988). Recently, Yukawa et al. (2008) and Kijima (2014) analyzed cold rolling of sheets 
with roughness by the elastic-plastic finite element method. In this study, copper sheets having periodical artificial 
grooves running either in the rolling direction ((a) longitudinal grooves) or in the width direction ((b) transverse 
grooves) were cold-rolled. Changes in surface profile, contact ratio between the sheet and the roll by the rolling are 
investigated. The results are compared with 2D upper boundary theory (Wilson and Sheu (1988)) and slip-line 
theory (Sutcliffe , 1988). Surface deformation during 
cold rolling is discussed. 
2. Experimental procedure 
Oxygen free high conductivity copper sheets (JIS 
C1010-1/2H) were used. The sheets were 2.0 mm thick, 
30.0 mm wide and 100 mm long. Triangular grooves 
were machined periodically on one surface of the sheet 
with a shaper. The artificial grooves ran either in the 
longitudinal direction or in the transverse direction as 
shown in Fig. 1. The apex angle of the shaper was 132°. 
The depth of grooves was 0.2mm, while the pitch 
between two adjacent grooves was varied (a) 4.0, (b) 2.5 
or (c) 1.5 mm as shown in Fig. 1. Contact ratio was 
defined as an area of remaining flat parts divided by 
surface area before the machining. The geometrical 
contact ratios of the three cases were (a) 3.1/4.0 = 0.78, 
(b) 1.6/2.5 = 0.64 and (c) 0.6/1.5 = 0.40, respectively. 
Surface appearances of the grooved sheets are shown in 
Fig. 2. 
The grooved sheets were rolled without using 
lubricant at room temperature. The thickness of the flat 
Fig. 1. Used copper sheets with grooves before cold rolling.
 
Fig. 2. Appearances of grooved copper sheets before rolling. 
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parts were reduced from 0 to 30% with a single-pass operation. Rolls 130mm in diameter with roughness of Ra= 
0.12 Pm were rotated at 2 m/min. They were made of tool steel (JIS G4805 SUJ2). 
The surface profile of the sheets were measured with a stylus-type profilometer (Mitutoyo: Surftest SJ-400).  
3. Results 
Changes in surface profiles of (a) longitudinal grooves and of (b) transverse grooves with increasing reduction 
in thickness are shown in Fig. 3. Please note the magnification in the thickness direction is much higher than that 
in the transverse or in the longitudinal direction. It is confirmed that the initial profiles of grooves were close to 
those as designed in Fig. 1. Width as well as depth of grooves decreases with increasing reduction. Decrease in 
depth is faster than that in width. It is also found that both grooves are mostly flattened when the reduction is 
higher than 20%. 
In order to discuss the surface deformation quantitatively, ‘surface reduction’ sr is defined as a nominal 
(engineering) strain in groove depth, 
 
)/(1 0RzRzrs   ,         (1) 
 
where 0zR is maximum groove depth, i.e., roughness, of the initial sheets (=0.20 mm), and zR is the groove depth 
after rolling. The groove depth zR was calculated from surface profile measured with the profilometer.  
On the other hand, ‘bulk reduction’ br is defined as a nominal (engineering) strain in thickness.  
)/(1 0hhrb   ,         (2) 
where 0h is the thickness of the initial sheets (=2.0mm), and h is the thickness at flat parts after the rolling. 
The relationship between ‘surface reduction’ sr and ‘bulk reduction’ br  is shown in Fig. 4. At low reduction, 
surface reduction sr increases almost linearly with bulk reduction br . Surface reduction sr is much greater than bulk 
reduction br  shown with a chain line in the figure. It means that the deformation is not uniform through the 
thickness and that the deformation around surface is much greater than that around the mid-plane.  
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If the elongation in the rolling direction is negligible, the groove should be closed when %10 br , because the 
initial groove depth was 0.2mm and the sheet thickness was 2.0mm. However both grooves remain when %10 br . 
They are closed at around 18% of reduction in specimens with longitudinal grooves, while at 12% in specimens 
with transverse grooves. It seems that the closure is not very sensitive to the groove pitch, although the groove 
closure is the fastest when the pitch is longest (4 mm) in specimen with transverse grooves. It may be due to the 
lower constraint by surrounding bulk metal because that the pitch is longer than the contact length.  
With increasing reduction, depth or roughness decreases or flat parts increase, while the contact ratio between 
the sheet and the roll increases. The contact ratio is evaluated from experimental surface profile. Since the 
roughness of the roll is Ra˙0.12 Pm, the surface above the level (average height of flat parts - 0.12 Pm) is 
regarded as parts in contact with the roll, in this paper. The obtained contact ratio is plotted against the bulk 
reduction br in Fig. 5. When the reduction in thickness is less than 20%, the contact ratio increases almost linearly 
with reduction. The slope is higher when the initial contact length is lower. The contact ratio approaches to 0.9. 
    
(a) Longitudinal grooves                       (b)  Transverse grooves   
Fig. 4.  Reduction in groove depth rs as a function of bulk reduction in thickness rb. 
    
(a) Longitudinal grooves                      (b)  Transverse grooves   
Fig. 5.  Contact ratio A as a function of bulk reduction in thickness rb.  
Fig. 3. Groove profiles before rolling and those after rolling as a function of reduction in thickness r (pitch=2.5mm). 
    
(b) Longitudinal grooves                       (b)  Transverse grooves   
Fig. 4.  Reduction in groove depth rs as a function of bulk reduction in thickness rb. 
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When %20!br , grooves disappear and the surface is flattened 
mostly, the contact ratio does not change much with bulk 
reduction br . 
4. Discussion 
In this discussion, the experimental change of contact ratio is 
compared with analytical solutions under 2-dimensional 
compression. Deformation of longitudinal grooves is analyzed 
using a model shown in Fig. 6. Wilson and Sheu (1988) derived 
an upper-boundary solution with a simple velocity field. In their 
explanation, the flattening rate W is defined as, 
HO 
vW ' 2 ,                 (3) 
where v'  is relative flattening speed between flat and grooved 
parts, 21 vvv  '  H is the bulk strain, while H  is the strain rate. 
Contact ratio A follows the following differential equation,  
 
TH tan
W
d
dA  ,                     (4) 
 
whereTis the slope angle in Fig. 6 (=24°). Using initial contact ratio A and the equation (4), contact ratio can be 
predicted with bulk strain.  The prediction of contact ratio is shown by curves in Fig. 7 (a) as a function of 
equivalent strain of bulk reduction. 
On the other hand, Sutcliffe (1988) studied the deformation of transverse grooves with slip-line theory and 
proposed the following differential equation, 
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Fig. 6. A plane-strain compression model for 
prediction of surface deformation. 
   
(a)   Longitudinal grooves                                 (b)  Transverse grooves   
Fig. 7.  Contact ratio A as a function of equivalent strainH. Curves show contact ratios predicted with analytical solutions. 
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In the above equation, (1+ H) is multiplied to consider the elongation in the rolling direction. The predicted 
contact ratio is shown in Fig. 7 (b). 
Both theoretical contact ratio increases with strain and shows 0.9 when the strain is 0.3, above the strain contact 
ratio does not change much. Theoretical curves well agree with the experimental results when the initial contact 
ratio is high (A=0.74). On the other hand, when the initial contact ratio is low, theoretical solution overestimates 
the contact ratio, especially in case of longitudinal grooves. This discrepancy may be due to the assumed velocity 
or slip line field is not realistic under these conditions. If industrial applications are considered, the initial contact 
ratios for pitch=2.5 and 1.5 mm are too small. Good agreement with the case with pitch=4mm suggests that 
analytical solutions can predict realistic roughness of rolled sheets because the roughness is low and the contact 
ratio is high in industrial rolling processes. 
5. Conclusion 
Copper sheets having artificial periodical grooves running either in the width or in the rolling direction were 
cold-rolled. Changes in surface profiles with reduction in thickness were measured and discussed. 
(1) Reduction in groove depth is much greater than bulk reduction in thickness. Grooves of which depth is 10% of 
the thickness are closed after 18% reduction in specimens with longitudinal grooves, while after 12% in 
specimens with transverse grooves. 
(2) Contact ratio increases with reduction in thickness until 20% of reduction. The slope is higher when the initial 
contact length is lower. If the contact ratio is greater than 0.9, the contact ratio does not change much with 
increasing strain. 
(3) Experimental changes in contact ratio agree with analytical solutions of 2D upper-boundary theory or slip-line 
theory in literature only when the initial contact ratio is high. It is supposed the 2D analytical solutions are 
useful for prediction of surface roughness of rolled sheet in industries because the roughness is smaller and the 
contact ratio is higher. 
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